Many masonry arch bridges cross waterways and are built on shallow foundations which are 14 often submerged and exposed to the scouring action of the stream. The limited resistance of 15 masonry arch bridges to foundation settlements makes them very vulnerable to scour and 16 calls for the development of advanced tools for evaluating and improving the capacity against 17 this flood-induced effect. This paper describes a novel three-dimensional modelling strategy 18 for describing the behaviour of multi-span masonry arch bridges subjected to scour at the 19 base of the pier shallow foundations. A mesoscale description is employed for representing 20 the heterogeneous behaviour of masonry units, mortar joints and brick-mortar interfaces, 21 whereas a domain partitioning approach allowing for parallel computation is used to achieve 22 computational efficiency. The scouring process is described via a time-history analysis in 23 which the elements representing the soil are progressively removed from the model according 24 to a specific scour evolution. The proposed modelling approach is first employed to simulate 25 available experimental tests on a dry masonry wall subjected to the settlement of the bearing 26 system and on a reduced scale brick-masonry bridge specimen subjected to scour-induced 27 pier settlements. Subsequently, a numerical example consisting of a multi-span arch bridge 28 subjected to the scouring action is presented to illustrate the potential of the proposed 29 modelling approach and its capabilities for evaluating the vulnerability and risk of masonry 30 arch bridges under flood scenarios. 31
Introduction

32
Masonry arch bridges are durable, sustainable, and aesthetically appealing structures forming 33 a significant portion of the bridge stock of Europe [1] , [2] . Many masonry arch bridges span 34 rivers and have their substructures, either piers or abutments or both, founded in the river bed. 35
This exposes them to different flood-induced actions, including hydrodynamic pressure on 36 the submerged surfaces, buoyant forces reducing the effective unit weights of submerged 37 components, impact of lumps/debris [3] . More importantly, water flow results in scour at the 38 footings of piers and abutments, which is the most common cause of collapse due to the high 39 vulnerability of arches to foundation settlements [4], [5] . Given the high number of masonry-40 arch bridges and their socio-economic and cultural heritage value, the accurate prediction of 41 their capacity against scour is a task of paramount importance . 42 In the last decades, intensive research has been carried out to develop models capable of 43 simulating the complex behaviour and interaction of the components of masonry arch bridges, 44
including the arch barrel, the backfill, the lateral walls, and the piers and abutments. In 45 particular, various numerical models of different degree of complexity have been proposed 46 for the collapse analysis of arch bridges under combined permanent and traffic loads (see 47
Zhang et al. [6] and Sarhosis et al. [7] for a state of the art review). Despite the numerous 48 experimental and numerical studies carried out to date, there are still several open issues in 49 the analysis of masonry arch bridges. First of all, most of previous experimental and 50 numerical studies have focused on single span masonry arches whereas many bridges consist 51 of multiple spans. Thus, the presence of the substructures with their foundations and their 52 interaction with the superstructure has yet to be fully explored. Moreover, numerical models 53 have seldom considered the three-dimensional (3D) nature of the problem, which is important 54 even in the case of vertical patch loading ([8]- [10] ). Finally, no modelling strategies have 55 been proposed thus far for describing the vulnerability of masonry arch bridges to scour. In 56 this respect, it should be observed that arch bridges are often built on shallow footings, and 57 that many procedures for scour risk assessment ([11] , [12] ) assume that the bridge collapses 58 when the maximum scour depth reaches the level of the foundation base. However, given the 59 complexity of the problem, the non-symmetric shape of the scour hole, and the bridge 60 redundancy, a 3D structural analysis of the soil-foundation-bridge domain is required to 61 evaluate fully the effects of scour. To date, only a few works have investigated the effect of 62 scour on bridges by performing a full analysis of the soil-foundation-bridge domain (e.g. 63
[13]- [15] ). However, these studies address bridges with pile foundations. Thus, there is a 64 significant need for numerical models that allow the investigation of masonry arch bridges 65 with shallow foundations. 66
Previous work at Imperial College proposed a mesoscale approach [16] for evaluating the 67 behaviour of masonry arches [10] and single-span masonry arch bridges [17] , under vertical 68 loading. This advanced modelling strategy, implemented in ADAPTIC [18] and validated 69 against experimental results, allows for an accurate bridge response prediction, as it takes into 70 account the 3D nature of the problem and important features of masonry arches such as the 71 masonry bond, the spandrel walls contribution, and the arch-backfill interaction. Moreover, 72 although the proposed modelling strategy is computationally expensive, significant reduction 73 of the computational cost can be gained in the numerical simulations by coupling the 74 proposed modelling strategy with the hierarchic partitioning approach allowing for parallel 75 computation developed previously at Imperial College [19]- [21] . 76 This paper illustrates the extension of this modelling strategy to the analysis of multi-span 77 bridges under different types of flood-induced loadings which require the consideration of the 78 3D nature of the problem and the interaction between the superstructure, the piers and the 79 bridge foundations. Firstly, the capability of the proposed modelling approach to describe the 80 collapse mechanism induced by settlements is investigated by simulating an experimental test 81 carried out on a simple masonry wall with dry bricks [22] . Subsequently, the results of the 82 test on a 1/2 scale model of a two-span bridge conducted at Polytechnic University of Turin 83
[23] are considered and simulated by developing a numerical model of the bridge. In the test, 84 the bridge was subjected to translational plus rotational settlements at the base of the pier 85 foundations to represent the undermining of the foundation due to scour. 86
In the second part of the paper a realistic model of a two span bridge similar to Copley Bridge 87 in Yorkshire, which recently collapsed because of pier scour, is developed together with the 88 foundations and the soil domain represented by using the Winkler approach. The effect of 89 scour is described by performing a time-history analysis where the elements defining the soil 90 are progressively degraded, which allows the combined modelling of both the loss of support 91 and the settlements due to scour. The proposed modelling approach enables the 92 representation of the complex 3D mechanism which often characterises the failure of 93 masonry arch bridges subjected to pier scour and can be conveniently employed in more 94 general frameworks and procedures for flood risk assessment and mitigation [24] .
Modelling strategy for multi-span brick-masonry arch bridges subjected
96 to scour 97 This section describes the finite element (FE) modelling approach and analysis procedure for 98 describing the 3D behaviour of masonry arch bridges subjected to foundation scour. The 99
proposed approach extends and advances the models originally developed at Imperial College 100 for the analysis of large-scale unreinforced masonry walls [16] , [25] , and for the evaluation of 101 arches [10] and single-span masonry arch bridges [17] subjected to vertical loadings. In 102 particular, the previous single-span bridge models are extended here to consider multi-span 103 bridges, accounting further for the behaviour of the substructures and the foundations, as well 104 as the interaction between the soil and the foundation, which is essential for simulating the 105 effects of scour ( Fig. 1 ). 106
The next sub-sections describe in detail the modelling approach for the bridge components, 107 the hierarchic partitioning strategy for speeding up the bridge analysis, and the strategy for 108 describing the effects of scour. 
3D model of the bridge 112
Masonry is a heterogeneous and strongly nonlinear material whose behaviour depends on the 113 orientation of the loading direction with respect to the masonry bond, where mortar joints 114 represent preferential fracture planes [26] . In this respect, a detailed mechanical model for the 115 masonry arch and piers should take into account not only the mechanical characteristics of 116 units and mortar but also the actual 3D masonry texture. Unlike continuous approaches which 117 assume masonry a homogeneous material [9] [27], a discrete modelling strategy is employed 118 to represent the actual masonry bond and model the development of cracks in real 119 brick/stone-masonry arches and piers. This numerical strategy allows for an accurate 120 description of the 3D domain of any masonry arch/pier, as the actual 3D masonry bond is 121 represented using two or more elastic solid elements for each brick and 2D nonlinear 122 interface elements for mortar joints. In particular, 20-noded elastic solid elements formulated 123 according to standard FE procedures are used together with specific 2D zero-thickness 124 nonlinear interface elements with 16 nodes accounting for material and geometric 125 nonlinearity. In this way, the typical fracture surfaces which characterise the nonlinear 126 response up to collapse of masonry arches can be represented. These correspond to radial 127 cracks, circumferential cracks leading to ring separation in multi-ring arches and longitudinal 128 cracks caused by transverse bending. While the first two types of crack generally take place 129 in the mortar joints, longitudinal cracks may pass also through the masonry units. Thus 
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In the proposed modelling approach for masonry arch bridges, the spandrel walls are also 177 discretised using 15-noded elasto-plastic tetrahedral elements. This is a practical modelling 178 strategy, as it enables the representation of the masonry spandrel walls using the same FE 179 mesh characteristics employed for the backfill. A more detailed description would require the 180 use of the masonry mesoscale model employed for the arches and the piers which, in the case 181 of the spandrel walls, leads to some complexity in the mesh generation thus it has not been 182 
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D is the elasticity matrix, and  is the damage parameter which varies between 0 188 (undamaged case) and 1 (fully damaged case). This damage parameter is used to control the 189 softening branch following the formation of cracks in masonry or the attainment of the 190 compression resistance. The evolution of  is controlled by the plastic work done by the 191 stresses, whose increment is given by: 192 The damage parameter is expressed as: 194 With reference to the foundations and the soil, masonry arch bridges are often built on 210 shallow foundations [1] ,[32],[33], making them very vulnerable to scour. In order to simulate 211 the scour effects, the bridge model should also include the foundation and the surrounding 212 soil. The soil medium has very complex mechanical behaviour, which is generally nonlinear, 213 stress-dependent, anisotropic and heterogeneous in nature. The difficulty of simulating these 214 features may outweigh the advantages of using complex modelling approaches. Thus, in this 215 study, a simplified Winkler subgrade modelling approach is employed to investigate the 216 effects of scour, where the soil domain is described by using interface elements surrounding 217 the foundation (Fig. 1b ). Although this approach is approximate, it has the advantage of 218 limiting the computational cost of the analysis, which is already very high due to the 219 mesoscale description employed for the masonry component. Moreover, the purpose of this 220 study is to illustrate a procedure for evaluating the effect of scour on masonry arch bridges, 221 rather than evaluating the actual values of the scour depths that lead to bridge failure. 222 Nevertheless, the proposed strategy can still be employed in conjunction with more 223 sophisticated soil models, if available. 224
According to this simplified approach, the soil interfaces can resist only normal compressive 225 forces and their behaviour is linear elastic and described by the coefficient of subgrade 226 reaction ks, providing the relationship between deflection (settlement) and soil pressure 227 . It is worth noting that 236 the proposed approach generally underestimates the rotational stiffness of the soil-foundation 237 system [38] , but the error is expected to lead to conservative results (e.g., overestimation of 238 settlements). Additionally, the soil layer above the foundation is assumed to provide a 239 contribution in term of weight but not of stiffness. 240 where y is the depth, b is the dimension of the foundation perpendicular to the direction of the 248 displacement, nh is a parameter that depends on the density of the sand and ranges from 249 0.0014 N/mm 3 for very loose sand to 0.0118 N/mm 3 for dense sand in submerged conditions 250 according to [34] , [39] . Higher values are however reported in [40] . 
Simulation of scour effects 280
Scour is a natural phenomenon caused by erosion or removal of streambed or bank material 281 from bridge foundations due to flowing water [42] , [43] . This phenomenon occurs 282 continuously over time but it is particularly relevant in the event of a flood, during which the 283 water has more energy to transport material downstream. In the literature, it is generally 284 agreed that there are three types of scour: degradation scour, contraction scour and local 285 scour [5] which may generally occur simultaneously at a particular site. Examining the types 286 of scour in more detail, degradation scour represents the previously mentioned case, where 287 the cumulative effect of the phenomenon is significant for the stability of a bridge pier. 288
Specifically, this type of scour simply involves the removal of sediment by the river flow, 289 leading to the lowering of the river bed. Contraction scour is the removal of sediment caused 290 by the approaching flow which increases in speed as it moves through a bridge opening that 291 is narrower than natural river channel. Last, local scour is the removal of sediment by a 292 vortex system forming due to the obstruction to the main flow from the bridge piers or the 293 abutments. This study focuses on the effects of local scour only. In order to simulate these 294 effects, it is necessary to define a model for the spatial and temporal variation of the 295 geometric properties of the scour hole, which controls the loss of soil supporting the 296 foundations. Many experimental studies have analysed the shape of the scour hole [44] - [46] , 297 but its specific geometrical characteristics cannot be accurately established a priori for all the 298 piers and foundation geometries, and experimental results generally show significant scatter. 299
Thus, for the sake of simplicity, a constant inverted pyramidal scour form is considered in 300 this study (Fig. 6 ). The vertex of the pyramid is assumed along a vertical line passing through 301 the centre of the upstream face of the pier, the upstream slope of the hole is taken equal to 302 angle of repose of the soil, whereas the downstream slope is approximately half that upstream, 303 consistently with [43] . It is also assumed that the scour hole slope in the direction 304 perpendicular to the flow is 5/6 of that upstream, as in [47] . Having considered a fixed shape 305 of the scour hole, the hole geometry is defined by a single parameter, which is the maximum 306 scour depth ys, identifying the scour hole vertex. 307
In Witzany et al. [33] , the effects of scour on bridge structures are described in terms of 308 settlements inducing the subsidence, shifting, or partial turning of the pier foundations. 309 However, only an analysis of the soil-foundation-bridge system, simulating the progressive 310 removal of the soil surrounding the foundations due to scour, can quantify these settlements 311 and establish whether they consist of pure rotation or of translation plus rotations. For this 312 purpose, in this study the effects of scour are simulated by progressively reducing the 313 stiffness (and thus the resisting force) of the elements representing the soil surrounding the 314 foundation. Different discrete levels of the scour maximum depth are considered, and for 315 each depth the scour hole geometry is determined based on the previously discussed 316 assumption. The depth of the centroid of each element (either interfaces or solid elements) 317
representing the soil is compared with the depth of scour at the same location. If the element 318 centroid is below the scour threshold, its resisting force and stiffness are reduced to zero. Fig.  319 6 illustrates the development of the scour hole at three different stages of scour, together with 320 the corresponding models. In order to simulate the evolution in time of the scouring process 321 and the deepening of the scour hole up to the chosen maximum scour depth, a time history 322 analysis is carried out and the degradation of the stiffness of the soil elements is assumed to 323 occur in more than one time step to smooth the process. It is worth noting that the influence 324 of the removal of an upper soil layer (i.e., scouring) on the stiffness of the lower soil layer is 325 disregarded in the model. and-half bricks lay on a support system which allows the application of vertical settlements. 338
Rolling bearings located on the movable bearing system enables horizontal displacements at 339 the support. Fig. 7a shows the wall model, where only one 20-noded solid element is used per 340 half brick, such that two interface elements are employed for each bed joints with only one interface element for each head joint and for modelling potential vertical cracks at the mid-342 plane of the bricks (brick-brick interface). The unit weight of the tuff bricks is 12.0 kN/m 3 , 343 resulting in a total weight of the panel of 528 N. Zero cohesion and tensile resistance are 344 assumed for mortar interfaces together with a friction coefficient of 0.4 to simulate dry brick 345 conditions. 346 Eventually, by increasing further the displacement, the value of R would further reduce. 362
In order to highlight the differences between scour, i.e., erosion of the material surrounding 363 the foundation, and settlements, the procedure for simulating scour described in the previous 364 section is applied to the same wall model. A set of interfaces is introduced at the base of the 365 wall, in correspondence of the movable support, and the resisting force and normal stiffness 366 of these interfaces are progressively reduced to zero to simulate the loss of the foundation 367 support. The relation between the sum of the reaction forces R at the base of the interfaces 368 subjected to scour and the maximum vertical displacement  is shown in Fig. 7b , and the 369 corresponding mechanism observed at the end of the scour process, when R approaches 0 kN 370 and the bottom corner of masonry would fall away, is illustrated in Fig. 8b . It can be observed 371 that the force-displacement curve is very steep compared to the curve obtained by imposing 372 the settlement. In particular, by simulating the scour process, the sum of the reaction forces R 373 drops to zero for very low values of the displacement . On the other hand, under imposed 374 settlements, R decreases gradually for increasing values of , until it reaches a stable value.
375
Moreover, some differences are observed in the cracking mechanisms due to the applied 376 settlement or scour. In particular, scour results in a non-uniform displacement pattern at the 377 wall base which cannot be known a priori and can be unveiled by applying the proposed 378 procedure. 379 The mid-span masonry pier was assumed to be placed inside the streambed and its base was 397 subjected to a set of settlements simulating the effects of scour, imposed by means of four 398 independent screws installed at the extremities of the pier base. The masonry pier was cut at a 399 hypothetical middle-height section to allow the insertion of the settlement application system, 400
and an additional weight of 15 kN was added at the bridge top in correspondence of the pier, 401 to simulate the weight of the missing part of the pier. The imposed settlements, corresponding 402 to a roto-translational movement of the pier base, were evaluated by carrying out first 403 hydraulic flume tests on a further scaled down model of the bridge pier and by successively 404 evaluating the evolution of the scour shape through a procedure similar to that presented in 405 This corresponds to more than 480000 degrees of freedom which makes the nonlinear 428 analysis of the bridge impractical when using conventional computational resources with a 429 serial code. The model consists of a total of 38 partitions, and the analysis is performed in 430 parallel using 38 processors. The main mechanical properties of the masonry and the backfill 431 materials and spandrel walls are reported in Table 1 and 2. More specifically, masonry 432 compressive strength and Young's modulus as well as tensile resistance and the cohesion for 433 the mortar joints correspond to the values obtained in material tests, which were performed 434 on the same masonry materials used to build the bridge specimen. The other material 435 parameters are typical values used in previous research on masonry arches and bridges [6] , 436 [10] . 437 
441
A time history analysis is performed on the bridge model by imposing increasing vertical 442 displacements at the nodes at the base of the piers. The displacement profile varies linearly 443 along the transverse direction (i.e. z). The nodes at the downstream side of the pier base are 444 assumed fixed, whereas those at the upstream side are subjected to a constant downward 445 velocity of 0.20 mm/s. Fig. 9 shows the deformed shape of the arch bridge model for 446 increasing values of the maximum imposed displacement, together with the plastic 447 deformations in the backfill. As expected, the plastic deformations in the backfill increase for 448 increasing settlements. In particular, higher plastic deformations are observed at the upstream 449 side of the bridge, with very high values in proximity of the spandrel walls. No plastic 450 deformations are observed in the backfill above the central pier. This is because the vertical 451 patch load applied in that zone increases the resistance of the frictional backfill material. 452 
457
Initially, the tension zones are located at the ends of each arch at the extrados, and at midspan 458 at the intrados. The scouring action changes significantly the stress distribution in the arch, by 459 inducing significant tensile stresses at the intrados of the arch, in proximity of the pier on the upstream side. Moreover, high tensile stresses are observed at the extrados, close to the 461 abutments. 462 Fig. 11 shows the stresses along the vertical direction (y) in the bricks (a) of the pier, for 463 increasing maximum imposed displacements at the pier base. An initial compression state is 464 observed in the bricks due to permanent loads. However, the differential settlements induce 465 initially a decompression of the upstream side of the pier, and successively tensile stresses. 466
The first tensile stresses are observed for a maximum displacement of 1.25 mm in the upper 467 part of the pier at the upstream side. 
470
In the physical test, fibre optic strain sensors were glued on the bridge pier and enabled the 471 measurement of the variation of strains in the bricks along the vertical directions. Fig. 12  472 shows the strains predicted by the model at the upstream brick surface at the base of the pier, 473 obtained removing the initial compressive strain perm = 2. 
499
The bridge model is analysed under increasing levels of scour until collapse and also under a 500 vertical patch load following the scouring action. The mechanical properties of the model, 501
representative of typical bridge constructions, are reported in Table 3 and Table 4 in the range of 26° to 45° [43] . In this study, r is assumed equal to 30°. This value, together 508 with the maximum scour depth ys (measured from the foundation plinth extrados), controls 509 the shape of the scour hole at the pier base. Scour is assumed not to occur at the abutments. 510
Each arch is modelled by 28 solid elements in the longitudinal direction (i.e., x), and 6 511 elements along the transverse direction, i.e., z, whereas the backfill over the arch is 512 discretised into 18 15-noded elements only along the longitudinal direction, and 10 elements 513 along the transverse direction. A finer mesh is employed for the backfill than for the arch 514 barrel along the transverse direction to describe with accuracy the distribution of the stresses 515 induced by the vertical patch loads applied at the backfill surface. Thus, arch and backfill are 516 modelled independently without mesh compatibility considerations at the physical interface 517 between the two domains and are connected through a non-matching interface tied with the 518 mortar method as proposed in [17] . The total number of degrees of freedom of the model is 519 more than 250000, distributed within 45 partitions. 520 The procedure outlined in Fig. 6 is followed to evaluate the effect of increasing scour depths. 525 Fig. 16a shows the displacements along the vertical direction at the nodes A,B,C and D at the 532 extreme of the foundation and pier base (see Fig. 15 ), and Fig. 16b the corresponding 533 rotations. The displacements start to increase beyond the values induced by vertical loads 534 only after the maximum scour depth exceeds the foundation depth, i.e. for ys>1.2 m. The rate 535 of increase of the foundation displacements becomes very significant after the formation of 536 the crack shown in Fig. 15 . In fact, after the opening of this crack, the rotation at the base of 537 the foundation reaches values higher than those at the base of the pier. 
547
Patch load location
It can be observed that scour induces the formation of both transversal and diagonal cracks in 548 the arch barrel. The diagonal cracks are located in proximity of the pier and also at the 549 abutments, where they are localised at the downstream side. The transversal cracks are 550 localised at midspan of each arch. When the maximum scour depth reaches the value 551 ys = 2.54 m, the extent of cracking is very significant and the bridge is at collapse. It is 552 noteworthy that a mechanism similar to that described here has been responsible of the 553 collapse of Copley Bridge, a two-span bridge located near Halifax, West Yorkshire, whose 554 geometrical properties are very similar to those of the model considered as case study. 555
In order to evaluate the effect of scour on the capacity of the bridge to withstand traffic 556 loading, the same model is analysed under a vertical patch load of increasing intensity by 557 considering two different conditions: (a) no scour, (b) scour hole with maximum depth ys = 558 2.1 m. The vertical load is applied at a quarter of the right span, and distributed over an area 559 of dimension 0.52 m and 1.33 m along respectively the longitudinal and transverse direction. 560 A finer mesh is employed for the area of the backfill subjected to the patch load (see Fig. 17 ). 561 Fig. 19 illustrates the cracking patter at collapse for the two different cases, whereas Fig. 20  562 and Fig. 21 show the corresponding damage in tension and in shear of the interfaces. It can be 563 observed that the collapse mechanism is very similar for both the cases, and it entails the 564 opening of wide cracks at the intrados of the arch barrel, approximately at midspan of the 565 loaded span. In the model subjected to scour prior to the application of the vertical loads, the 566 transverse crack width is higher in correspondence of the upstream side of the pier. 
586
It can be seen that scouring affects significantly the stiffness of the systems. In fact, the 587 secant stiffness to the point at 100 kN is reduced by 32% due to scour. However, the ultimate 588 load, corresponding to the onset of the plateau for the force-displacement curve, is not 589 significantly affected by scouring, since it is equal to 382 kN for the case of no scour, and 590 372 kN for the scoured case. This is due to the high redundancy of the system and the 591 capability of the arch and particularly of the backfill to redistribute the loads, as also 592 evidenced by the collapse mechanisms shown in Fig. 19 , which are very similar for the two 593 loading conditions. 594
Conclusion
595
This paper has presented a novel strategy for describing the complex three-dimensional 596 behaviour of masonry arch bridges under scour conditions. This strategy allows estimating 597 the levels of scour that lead to the exceedance of different limit states relevant to masonry 598 arch bridge performance. Thus, it contributes to advance current approaches for scour risk 599 assessment which neglect the response of bridges to increasing levels of scour and assume 600 that collapse occurs when the scour depth reaches the foundation level. The proposed 601 modelling approach combines a mesoscale description for masonry arches and piers with a 602 continuum model of the backfill, the spandrel walls, and the foundations. The soil-foundation 603 interaction is described by considering Winkler-type interfaces, which are progressively 604 removed in a time-history analysis to simulate the evolution of the scour process. Non-605 conforming interfaces between the arch barrel and the backfill and a domain partitioning 606 approach allowing for parallel computation are used to achieve computational efficiency. 607 Initially, a simple masonry wall with dry bricks has been considered to demonstrate the 608 capability of the proposed model to describe the collapse mechanism induced by the 609 settlement of a part of the wall base. Moreover, a comparison has been performed between 610 the mechanism obtained by imposing a pre-defined settlement pattern and the one obtained 611 by progressively reducing the stiffness of the interfaces supporting the wall base. 612
Successively, the experimental test on a two-span bridge model under scour-induced 613 settlements has been analysed. It has been shown that the proposed model enables prediction 614 of the cracking in the arch and between the arch and the spandrel walls. Finally, the case of a 615 two-span bridge representative of many bridges in the UK is analysed under increasing scour 616 depths, until the collapse condition is attained. The results of the analysis show that scour 617 induces significant reduction of stiffness but the capacity against vertical loading may not be 618 significantly jeopardised, unless very high scour depths are attained, due to the inherent 619 redundancy of the system and the backfill ductile behaviour. 620
The proposed modelling strategy can be used to perform parametric analyses for different 621 bridge, channel, and scour hole properties. Future studies will investigate the effect of other 622 flood-induced loadings and retrofit strategies for enhancing the bridge capacity against the 623 effect of scour. Together with these numerical studies, further experimental studies should be 624 carried out to investigate the development of the actual scour hole and its effect on masonry 625 arch bridges, as well as to validate numerical models. Moreover, additional research is 626 needed to investigate the interaction between the foundation and the surrounding soil 627 undergoing scour, utilising a more accurate representation than that offered by simplified 628 models based on linear elastic springs. 629 1 1 
